The aim of this study was to determine whether skeletal muscle depletion predicts the prognosis of patients with hepatocellular carcinoma (HCC) that is being treated with sorafenib. We evaluated 40 consecutive HCC patients who received sorafenib treatment. The skeletal muscle cross-sectional area was measured by computed tomography at the third lumbar vertebra (L3), from which the L3 skeletal muscle index (L3 SMI) was obtained. The factors contributing to overall survival, sorafenib dose reduction, and discontinuation of sorafenib were analyzed using the Cox proportional hazards model. L3 SMI (p = 0.020) and log (α-fetoprotein (AFP)) (p = 0.010) were identified as independent prognostic factors in HCC patients treated with sorafenib. The initial dose of sorafenib (p = 0.008) was an independent risk factor for sorafenib dose reduction, and log (AFP) (p = 0.008) was the only significant risk factor for the discontinuation of this drug. L3 SMI was not a risk factor for either dose reduction (p = 0.423) or the discontinuation (p = 0.132) of sorafenib. A multiple linear regression analysis determined the following relationship between skeletal muscle mass (assessed as L3 SMI) and the explanatory factors: L3 SMI = −0.1896 × (Age) − 10.3441 × (Child-Pugh score) − 9.3922 × (log (AFP)) + 1.6139 × (log (AFP)) × (Child-Pugh score) + 112.9166. Skeletal muscle depletion is inversely associated with age, Child-Pugh score, and log (AFP). Moreover, it is an independent prognostic factor for HCC patients treated with sorafenib.
have discussed the mechanisms by which skeletal muscle depletion affects mortality in HCC and the actions that should be taken to prevent sarcopenia in HCC patients treated with sorafenib
Results

Baseline Characteristics and Laboratory Data
The baseline characteristics and laboratory data of the 40 patients (34 men and 6 women; median age, 67 years) are shown in Table 1 . The median L3 skeletal muscle index (SMI) was 41.9 cm , and the median duration of follow-up was 12.2 months (range, 0.4-33.7 months). Three patients had already started to receive sorafenib when the disease had been in an earlier stage (Stage 0). Thirty-nine patients had received other treatments before they began to take sorafenib. Twenty-nine patients received combination treatments with sorafenib, 19 of whom received transcatheter arterial chemoembolization (TACE), 4 of whom received radiation therapy, and 6 of whom received both of these treatments. Values are presented as median (range). HBV, hepatitis B virus; HCV, hepatitis C virus; BMI, body mass index; L3 SMI, third lumbar vertebra skeletal muscle index; ALT, alanine aminotransferase; T-Bil, total bilirubin; PLT, platelet count; PT, Prothrombin time; AFP, α-fetoprotein; PIVKA-II, protein induced by vitamin K absence or antagonists-II; TACE, transarterial chemoembolization; RT, radiation therapy.
Effects of Aging on Skeletal Muscle Depletion
In order to evaluate the influence of aging on skeletal muscle depletion, we performed a paired t-test of the 36 cases in which CT was performed more than twice during the trial. This analysis showed that L3 SMI declined by an average of 2.7 cm 2 /m 2 at an interval of 155 days (p < 0.0001).
Possible Prognostic Factors for HCC Patients
Of the 40 patients, 20 died during the study period. Overall survival rates at one, two, and three years were 71.7%, 31.7%, and 21.2%, respectively, and the median duration of overall survival was 19.5 months (Figure 1a) . In regards to response rates, 0, 3, 9 and 28 of the enrolled patients were classified as having complete response (0%), partial response (8.0%), stable disease (22.0%), and progressive disease (70.0%), respectively. We analyzed possible prognostic factors for HCC using the Cox proportional hazards model. Among the 10 variables listed in Table 2 , L3 SMI (p = 0.020) and log (α-fetoprotein (AFP)) (p = 0.008) were significantly associated with the overall survival of patients with HCC in univariate analyses. Both L3 SMI (p = 0.020) and log (AFP) (p = 0.010) were also independent prognostic factors for HCC in our multivariate analysis. Furthermore, Kaplan-Meier analysis showed that overall survival was significantly shorter in patients with lower L3 SMI (≤39. cut-off was selected to maximize the difference between the two survival curves, using a statistical analysis reported by Prado et al. [10] . In the present study, 15 patients had a L3 SMI of less than 39. 
Possible Risk Factors for Sorafenib Dose Reduction or Discontinuation Due to Toxicity
During this study, the dose of sorafenib was reduced for 32 patients. Doses were reduced because of hand-foot syndrome in 6 patients, liver dysfunction in 5 patients, the progression of liver cirrhosis in 4 patients, deteriorating general condition in 4 patients, appetite loss in 3 patients, diarrhea in 2 patients, and assorted other reasons in the remaining 8 patients. As shown in Table 3 , only the initial dose of sorafenib (p = 0.008) was significantly associated with sorafenib dose reduction. With respect to drug withdrawal, 28 patients were forced to discontinue sorafenib during this study. Ten patients discontinued sorafenib because of the deterioration of their general condition, 7 because of the progression of liver cirrhosis, 4 because of hand-foot syndrome, 3 because of disease progression, and the remaining 4 because of other factors. Among the variables listed in Table 4 , log (AFP) (p = 0.008) was the only significant risk factor for the discontinuation of sorafenib. Neither sorafenib dose reduction (p = 0.423) nor the discontinuation of sorafenib (p = 0.132) was significantly associated with the value of L3 SMI (Tables 3 and 4) . 
Multiple Linear Regression Analysis of L3 SMI and Significant Explanatory Valuables
Loss of skeletal muscle mass is primarily a consequence of aging and secondarily a consequence of pathological conditions, such as malnutrition and complications of malignancy [9] . Men and women have different absolute skeletal muscle masses and rates of skeletal muscle mass reduction with increasing age [22, 23] . Prompted by these earlier findings, we conducted a multiple regression analysis to examine the relationships between L3 SMI and 4 explanatory variables: age, Child-Pugh score, log (AFP), and sex. At first, we included each explanatory variable and all two-way interactions between explanatory variables within the multiple regressions. Subsequently, we removed the term with the highest p-value one by one until all remaining terms were significant (p < 0.05). In other words, we employed a backwards variable selection procedure. As detailed in Table 5 This regression formula indicated that the level of L3 SMI was inversely associated with aging, worsening liver functional reserve, and increasing AFP levels.
Discussion
The results of the present study provide the first clear evidence that L3 SMI, an indicator of skeletal muscle mass or sarcopenia, is an independent prognostic factor for patients who have HCC and are being treated with sorafenib. These findings agree with previous studies that have shown significant relationships between skeletal muscle depletion and poor prognosis in patients with various clinical stages of HCC [14] [15] [16] [17] .
In the present study, we also obtained a regression equation that can be used to estimate L3 SMI from three explanatory factors: age, Child-Pugh score, and log (AFP). It has previously been reported that these factors may be associated with loss of skeletal muscle mass [9, 22, 23] . This analysis indicates that L3 SMI decreases in correspondence with increasing age, worsening liver functional reserve, and elevated AFP levels in patients with HCC who receive sorafenib. The interaction effect between log (AFP) and Child-Pugh score was quite small and can be ignored because of the large differences between the coefficient of the interaction effect and the coefficients of the associated main effects. Indeed, the combined value of the log (AFP) term, the Child-Pugh score term, and the interaction term (1.6139 × (log (AFP)) × (Child-Pugh score) − 10.3441 × (Child-Pugh score) − 9.3922 × (log (AFP))) was far less than 0 in all patients (ranging from −66.46 to −52.82). The regression equation could present the key to explaining the association between skeletal muscle depletion and poor prognosis because liver functional reserve and AFP levels are both well-known prognostic factors for HCC [3] . Moreover, L3 SMI was affected by ageing, which itself affects the prognosis of patients with most medical conditions, even though existing prognostic staging systems for HCC (such as BCLC, CLIP, and JIS) do not include an aging parameter [5] [6] [7] . Thus, the evaluation of skeletal muscle mass using CT imaging could present a useful alternative method of predicting the prognosis of patients with HCC.
A recent clinical study reported that sarcopenia predicts early dose-limiting sorafenib toxicities, which might be involved in dose reductions or the discontinuation of this drug [20] . Therefore, we initially speculated that the more favorable prognosis of HCC patients without skeletal muscle depletion was associated with the greater extent of continuous sorafenib treatment that they received. However, contrary to this expectation, the loss of L3 SMI did not affect dose reductions or the discontinuation of sorafenib in the present study. We consider this finding to be explained by the initial dose of sorafenib, which was comparatively small. Specifically, the dose was less than 400 mg per day in most cases (95%). These low doses might strengthen the patients' adherence to sorafenib and, consequently, improve the prognosis of these patients in the present study. On the other hand, it should be noted that the initial dose was a risk factor for dose reduction. Further, we found that log (AFP) was a risk factor for the discontinuation of sorafenib. Therefore, it is necessary to be especially careful when facing cases of sorafenib-treated HCC that involve initial doses of 800 mg per day or high AFP levels. In such cases, adverse events that require dose reductions or discontinuation may occur with a high probability.
Importantly, the survival outcomes of the present study were quite favorable as compared with a previous phase III trial by Llovet et al. In the present and previous studies, the median overall survival times were 19.5 and 10.7 months, respectively, and the survival rates at 1 year were 71.7% and 44.0%, respectively [18] . The positive outcomes in our study may result from several factors. First, sorafenib was introduced at earlier tumor stage in some cases. Indeed, in three cases, it was used before obvious evidence of recurrent lesion had emerged, although pathological assessments of the resected specimen revealed either vascular invasion or focal positivity. Second, a combination treatment using sorafenib was administered in 29 cases (72.5%). It is also interesting that, among the patients who received combination treatment, six cases (20.6%) showed increased levels of skeletal muscle mass during this study, whereas only one case (9.1%) showed this phenomenon in the group of patients who were treated with sorafenib alone. Combined treatment with sorafenib and TACE has a strong scientific rationale because the ischemia that is induced by TACE results in local and systemic increases in vascular endothelial growth factor (VEGF), whereas sorafenib inhibits the activity of the VEGF receptor [24] . Several meta-analyses have shown a positive outcome in HCC patients treated with TACE and sorafenib, as compared with HCC patients treated with TACE alone [25] [26] [27] . Currently, several randomized, controlled phase III trials of the safety and efficacy of sorafenib-based combination treatment are ongoing. These basic and clinical studies may provide new evidence that combination treatment with sorafenib is a promising approach for improving the prognosis of patients with HCC. However, additional careful investigation is necessary to verify the safety and efficacy of this combination treatment.
As demonstrated in the present study, skeletal muscle depletion seems to be an inevitable consequence of aging. On the other hand, it is possible that the prevention of skeletal muscle depletion might be an effective strategy for improving the prognosis of HCC; this approach should be considered further. Two possible interventions could prevent sarcopenia: nutritional and exercise therapies. Both of these interventions have been shown to improve outcomes for cirrhotic patients [28, 29] . In particular, oral supplementation with branched-chain amino acids (BCAA; leucine, isoleucine and valine) is an effective nutritional therapy that can ameliorate protein energy malnutrition and improve event-free survival in cirrhotic patients [30] [31] [32] . BCAA supplementation is one of the most promising methods because it has been observed to improve the survival of sarcopenic patients with liver cirrhosis [33] . In a study of patients with alcoholic cirrhosis, Tsien C et al. demonstrated that impaired mTOR1 signaling and increased autophagy in skeletal muscle, which contribute progression of sarcopenia, are reversed by BCAA enriched with leucine [34] . Furthermore, the combination of a low intensity exercise and leucine-rich essential amino acid protein administration is effective for enhancing not only muscle strength, but also muscle mass and walking speed in sarcopenic women [35] . These reports suggest that BCAA supplementation, taking proper exercise, and the combination of these interventions might be effective for preventing sarcopenia. Future large-scale interventional studies should be conducted to determine whether nutritional and exercise therapies can prevent skeletal muscle depletion and possibly improve the prognosis of patients with HCC.
In summary, this study provides the first demonstration that L3 SMI, an indicator of skeletal muscle mass, is independently associated with poor prognosis among patients who have HCC and receive sorafenib treatment. In contrast, we found that L3 SMI was not a significant risk factor for dose reduction or the discontinuation of sorafenib. In addition, a multiple linear regression analysis suggested that L3 SMI was inversely associated with age, log (AFP), and Child-Pugh score, which indicated that these L3 SMI-correlated clinical features are also critical prognostic factors for patients with HCC. In conclusion, the evaluation of skeletal muscle mass using CT imaging could present a useful method of predicting the prognosis of patients with HCC, including those who are treated with sorafenib.
Experimental Section
Patients, Treatment, and Follow-Up Strategy
We evaluated 40 consecutive patients with HCC that was treated with sorafenib at our hospital between May 2009 and February 2014. Tumor stage was defined according to the staging system of the Liver Cancer Study Group of Japan [36] . HCC nodules were detected using imaging modalities including dynamic CT, dynamic magnetic resonance imaging (MRI), and abdominal arteriography. HCC was diagnosed on the basis of a typical hypervascular tumor stain on angiography and typical dynamic study findings of enhanced staining in the early phase and attenuation in the delayed phase. The objective of sorafenib introduction was determined according to the Clinical Practice Guidelines for HCC issued by the Japan Society of Hepatology [37] . Each patient's response was judged according to the Response Evaluation Criteria in Cancer of the Liver [38] , which is an appropriate system for assessment of post-therapeutic response to sorafenib for HCC [39] . Overall survival was defined as the interval from the date of sorafenib introduction to the date of death, or until July 2014 for surviving patients. All study participants provided verbal informed consent, which was considered sufficient because this study followed an observational research design that did not require new human biological specimens, and instead relied only on preexisting materials. This study protocol was determined by following the Ethical Guidelines for Epidemiological Research (Ministry of Education, Culture, Sports, Science and Technology and Ministry of Health, Labour and Welfare in Japan, http://www.niph.go.jp/wadai/ekigakurinri/guidelines.pdf). The study design-including this consent procedure-was approved by the ethics committee of the Gifu University School of Medicine in 1 April 2014.
Image Analysis of Skeletal Muscle Mass
Skeletal muscle area was measured using a CT image that had been taken solely for the purpose of diagnosing HCC just before sorafenib was initiated. A transverse CT image at the third lumbar vertebra (L3) in the inferior direction was assessed as has been described previously [10] . The muscles in the L3 region (containing the psoas, erector spinae, quadratus lumborum, transversus abdominis, external and internal obliques, and rectus abdominis) were analyzed using SliceOmatic software version 5.0 (Tomovision, Montreal, QC, Canada), which enables specific tissue demarcation using Hounsfield unit (HU) thresholds. The muscles were quantified within a HU range of −29 to +150 HU [40] , and tissue boundaries were manually corrected as needed. The cross-sectional areas of muscle (cm 2 ) at the L3 level were computed from each image and normalized by the square of the height (m 2 ) to obtain the L3 skeletal muscle index (L3 SMI, cm 2 /m 2 ), which was used as an indicator of skeletal muscle mass [16] . The progression of skeletal muscle depletion was evaluated by comparing the values of L3 SMI for cases in which CT was performed more than twice during the trial.
Statistical Analysis
Overall survival was estimated using the Kaplan-Meier method, and differences between curves were evaluated using the log-rank test. Prognostic factors affecting overall survival were estimated using the Cox proportional hazards model. Parameters determined to be significant according to univariate analyses were then included in a multivariate analysis. Parameters affecting the interval from the date of sorafenib introduction to the date of dose reduction or discontinuation due to sorafenib toxicity were also estimated in the same manner. Statistical significance was defined as p < 0.05. All statistical analyses were carried out using R version 3.1.1 (R Foundation for Statistical Computing, Vienna, Austria. URL: http://www.R-project.org/).
